PCM mortars based in different binders were used to study the thermal behavior. The thermal behavior and cost analyses were evaluated based in Portuguese climate. The PCM mortars reveal higher thermal regulation and lower energy needs. The PCM mortars showed a decrease of the cost related to the energy consumption. 
Introduction
The energy is an essential factor for economic and social development, and for improvement of the life quality in all countries. Energy sources can be non-renewable or renewable. Nonrenewable energy sources possess the possibility to deplete over time, such as petroleum, coal and natural gas. Renewable energy sources represent inexhaustible resources such as biomass, hydro, wind, geothermal and solar.
The economic growth of the countries in the last years has caused rapid increase in energy consumption, which affects the population and the environment [1] . The energy efficiency of buildings is now one of the main objectives of regional, national and international energy management [2] . The buildings are one of the leading sectors in energy consumption at developed countries. In the European Union the buildings are responsible for 40% of energy consumption and 40% of carbon dioxide (CO 2 ) emission to the atmosphere. Currently, the European Union has the 2020 energy strategy that proposes the reduction of 20% in primary energy consumption and CO 2 emissions and the increase of 20% in energy consumption coming from renewable sources [3] .
In a sustainable approach, buildings should be designed to ensure the thermal comfort of the occupants throughout the year, with minimum auxiliary energy for heating and cooling. In nonsustainable approaches, buildings are increasingly dependent on heating and cooling systems to ensure thermal comfort inside, resulting in the increase in energy consumption and greenhouse gases emissions. Consequently, there is also an increase in building utilization costs, caused by the impact of HVAC systems operation [2, 4] .
Every year the energy powered by the sun that reaches the entire land surface is about 10,000 times higher than the actual energy consumption per year worldwide [5] . Taking into account that the European building sector is responsible for high energetic consumptions, it is important to find a way to take advantage of the solar energy. Thus, it becomes imperative to http://dx.doi.org/10.1016/j.conbuildmat.2016.06.114 0950-0618/Ó 2016 Elsevier Ltd. All rights reserved.
obtain a constructive solution that will minimize these consumptions, improving the energetic efficiency of buildings without damaging the environment. In order to reach a solution for this problem, it is also important to define and develop strategies to displace the consumption from peaks or hours of greatest demand, to off-peak periods.
Mortars with Phase Change Materials (PCM) incorporation for interior coating can be seen as a key for solving or at minimizing, the massive energetic consumption related to buildings. These materials have the ability to reduce temperature variations due to its capability to alter its own state depending on the environmental temperature, absorbing and releasing energy into the environment. Thus, mortars doped with PCM bring social, economic and environmental benefits, demonstrating a significant contribution to a more sustainable construction. The social benefits are directly connected with the increase in thermal comfort. The environmental aspect concerns to the reduction of fossil fuels depletion related with the decrease on air conditioning equipment usage. The economic benefits are related with the reduction of energy consumption and lag time for lower demand hours [6] .
Materials with incorporation of PCM can be applied in floors, walls or ceilings, as well as being an integrating part of the most complex energetic system [6] . However, the application of PCM in walls is the preferential solution to explore the potential of these materials, due to the large areas in buildings.
The PCM can be incorporated in construction materials by different methods: direct incorporation, immersion, encapsulation, shape-stabilization and form stable composite PCMs [7] . The direct incorporation is the simplest method in which PCM is directly mixed with the construction materials. In the immersion method, the construction products are dipped into the liquid PCM, absorbing the PCM by capillarity. However, the material can interfere with the hydration products and affect the mechanical and durability properties of the doped construction materials [8] . The shape-stabilized PCM can be prepared by integrating the PCM into the supporting material. The shape-stabilized PCM are mainly classified as composite PCM and are usually fabricated by embedding PCM into shape stabilization supports, such as high density polyethylene, styrene, butadiene, polymethacrylic acid, polystyrene resin, etc. [9] . There are two types of encapsulation: macroencapsulation and microencapsulation. The macroencapsulation is based in the introduction of PCM into tubes, panels or other large containers. It is usually done in containers with more than 1 cm diameter and presents better compatibility with the material, improving the handling in the construction [10] . The microencapsulation consists in covering PCM particles with a material, usually a polymer, commonly known as capsule, with dimensions between 1 lm and 60 lm [10] [11] . The main advantages of this technique are related with the capability to prevent PCM leakage during phase transition, increasing its chances of incorporation into various construction materials, providing high heat transfer rate through its larger surface area and more facility to handle [7] .
Some studies were published about the use of construction materials with incorporation of PCM microcapsules. Initially, the incorporation of microencapsulated PCM in gypsum plasterboard was the subject of several studies performed due to its low cost and various application possibilities [12] [13] [14] . Darkwa et al. [13] investigated the behavior of two solutions with incorporation of PCM into gypsum plasterboard. On one side, plasterboard with 12 mm thickness, all impregnated with PCM, was used, to compare with another situation in which they applied single plasterboard with 10 mm thickness, covered with 2 mm of PCM laminate. The PCM amount incorporated in both cases was the same. The results showed that the PCM laminate use is more efficient, since it contributed to an increase in the minimum temperature. Other solutions were also developed such as alveolar PVC panels, blocks and bricks [15, 19] . Cabeza et al. monitored the behavior of concrete test cells, with and without addition of 5% of PCM microcapsules. The PCM was incorporated into the concrete used on the roof, and south and west walls. During the summer and without ventilation a decrease in the maximum temperature and a time lag of 2 h were recorded [10] .
The mortars with incorporation of PCM has been a target of study and interest for the scientific community. However, the characterization and comparison of the thermal performance of mortars based on different binders is one of the main knowledge gaps. Thus, the main objective of this work was the study of the thermal behavior and cost analysis of mortars with incorporation of phase change materials exposed to current temperatures of Portugal. Mortars made with different binders and PCM contents were developed. Microscope observations, thermal tests and cost analyses were performed in eight different compositions based in aerial lime, hydraulic lime, gypsum and cement. For each binder, mortars without PCM and with incorporation of 40% of PCM microcapsules, were tested. 
Experimental program

Materials
The influence of adding PCM in interior coating mortars was studied. The materials selection took into account previous works [16] [17] [18] . Mortars were developed based on the following binders: aerial lime, hydraulic lime, gypsum and cement. The used aerial lime had a purity of 90% and density of 2450 kg/m The used PCM is composed by a wall in melamine-formaldehyde and a core in paraffin with density of 880 kg/m 3 and enthalpy of 147.9 kJ/kg (Fig. 1) . The transition temperature was evaluated with a Differential Scanning Calorimetry (DSC), using standard aluminum 40 ll crucibles. The temperatures and latent heats of the solidification and melting processes have been determined with a scanning speed of 0.1°C/min, in both cooling and heating. One test was performed for each sample and the crucible has undergone three cooling/heating complete cycles. The PCM exhibits a transition temperature of 24°C in the heating cycle and 21°C in the cooling cycle (Fig. 2) . The PCM fabrication process is polycondensation by addition and the material is commercialized by the Devan Chemicals, with the commercial name of Mikathermic D24. In order to determine the dimensions of PCM microcapsules, granulometry tests were performed using a laser particle size analyzer. It was possible to observe a particle size distribution between 5.8 and 339 lm, with 80% of particle size between 10.4 and 55.2 lm and an average particle size of 44 lm. Table 1 presents the compositions studied. These have different PCM contents and different binders. The PCM contents were fixed in 0% and 40% of aggregate mass. A previous study [18] showed that the mortars with 40% of PCM have adequated physical and mechanical properties. 
Compositions of mortar mixtures
Test procedures
Workability tests were performed based on the flow table method stated by the European standard EN 1015-3, with the main goal to verify the adequated of application of the developed mortars [19] . The resulting value within the test was considered only when equal to 200 ± 5 mm.
For the determination of flexural and compressive strengths of mortars, 3 prismatic specimens were produced with dimensions of 40 Â 40 Â 160 mm 3 , according to the standard EN 1015-11 [20] . After the preparation, all the specimens were stored during 7 days into polyethylene bags and subsequently placed in the laboratory at regular room temperature (about 22°C) for 21 days. The flexural and compressive tests were performed with load control at speeds of 50 N/s and 150 N/s, respectively.
The microstructure observation of developed mortars was performed using a scanning electron microscope. For each composition, 2 cylindrical specimens with diameter and height of approximately 1 cm were prepared. After its preparation, all the specimens were stored during 7 days into polyethylene bags and subsequently placed in the laboratory at regular room temperature (about 22°C) for 21 days.
The thermal behavior was tested in a climatic chamber, with temperature laws representative of each season of the year. Thus, the thermal behavior of the developed mortars in winter, summer, spring and autumn, was analyzed. The temperature laws were fixed based on climatic data collected at the weather station installed on the University of Minho campus in Guimarães, Portugal.
For each composition, a small-scale test cell was made with an insulating material (extruded polystyrene) with 3 cm of thickness and coated on the inside with a mortar layer of 1 cm (Fig. 3) . These cells had dimensions of 200 Â 200 Â 200 mm 3 . One thermocouple was placed inside each small-scale cell, in the center zone, at a height of 10 cm from the cell base. Each small-scale test cell was placed inside a controlled climatic chamber provided with thermocouples for test temperature control. Each thermocouple used during the tests was connected to a data acquisition system of high sensibility (AGILENT 34970A), recording the temperature inside the climatic chamber and small-scale test cells at every minute. Type K thermocouples were used. Fig. 4 shows the setup of the thermal tests.
During these tests, the PCM reached the phase transition (between 21 and 24°C) storing and releasing energy from the environment. The aim was to measure the impact of the PCM incorporation in interior temperatures of the small-scale cell.
Test results and discussion
Workability
The workability tests showed that the incorporation of 40% of PCM leads to an increase in water content higher than 8% for all tested binders with the exception of aerial lime mortars ( Table 1) . The decrease of water content in aerial lime mortar can be explained by the presence of a higher superplasticizer content, related with the presence of higher binder dosage to obtain an adequate mechanical classification (CSII) of all used mortars [22] . On the other hand, the increase in water content observed for the hydraulic lime, gypsum and cement mortars can be explained by the reduced particle dimension of the used PCM microcapsules. Table 2 shows a decrease in the flexural and compressive strengths caused by the introduction of PCM microcapsules into mortars, except for aerial lime based mortars. This behavior can be justified by the water content variations, caused by the fineness of the used PCM microcapsules and the superplasticizer content. It is important to note that taking into account the future application in the construction sector, the obtained mortars should have a minimum classification of CSII based on the compressive strength, according to the standard NP EN 998-1 [22] , as a premise of this work.
Flexural and compressive behavior
The incorporation of PCM microcapsules decreased the flexural strength more than 28% and the compressive strength at least 60% when compared with the reference mortar. However, in the aerial lime based mortars it was possible to observe an increase of 150% in the flexural strength and an increase of 82% in the compressive strength when compared with the reference mortar ( Table 2 ). The behavior of aerial lime mortars can be justified by the use of higher binder content, necessary to obtain the minimum classification. The aerial lime mortars with lower binder content and 40% of PCM presented an inferior classification than required. 
Microstructure
The scanning electron microscope observations were performed to evaluate the existence of possible incompatibilities between different materials present in mortars. Fig. 5 shows the microstructure of aerial lime, hydraulic lime, gypsum and cement based mortars with incorporation of 40% of PCM microcapsules. These observations reveal a good connection between the different materials (PCM, fibers, aggregate and binder) evidenced by the absence of cracks in the microstructure of the mortars developed. It can be seen that the PCM microcapsules present a good and homogeneous distribution in the matrix. The PCM showed a good integrity, without signs of rupture or damages, demonstrating that the microcapsules can adequately resist to the process of mortar mixing, application and curing.
Other observations were performed to evaluate the pore size and distribution in the different mortars. Figs. 6-9 show the changes observed in the pore distribution on the mortars with the incorporation of 40% of PCM. The microporosity increased with the incorporation of 40% of PCM. Higher dimensions micropores were observed in the mortars with incorporation of PCM compared with the reference mortar. The internal structure of the reference mortars is more compact compared with the mortars with PCM that exhibit biggest pores. The presence of higher microposity can be explained by the higher water content of the mortars doped with PCM, due to the reduced particle size of the incorporated material.
The gypsum mortars exhibited higher dimensions pores (Fig. 8 ), due to the higher water content. On the other hand, the aerial lime mortars showed micropores with lower dimensions (Fig. 6 ). This behavior can be explained by the presence of lower water content and higher superplasticizer content.
Thermal behavior
It is known that the external temperature significantly influences the PCM behavior [23] [24] [25] . Thus, based on weather data, a tests campaign was conducted with the aim to evaluate the thermal behavior of mortars with incorporation of PCM in a current climate of northern Portugal region.
During the tests, all seasons of the year were evaluated. For the spring situation, the analyzed temperature range was between 12°C and 29°C. In the autumn, the considered temperatures were between 17°C and 34°C. The summer situation was evaluated with temperature range with a minimum of 11°C and a maximum of 44°C. To simulate the winter, the temperature range presented a minimum of 5°C and a maximum of 22°C. For the winter situation, the evaluation of the PCM effect was not possible because the PCM melting point was not achieved. In order to evaluate in detail this situation, it would be necessary to use an auxiliary heating system to increase the temperature till the PCM melting point. Fig. 10 shows the temperature laws used to simulate a typical summer, winter, spring and autumn. Each season was simulated with three cycles. Each one was with the duration of 24 h.
Figs. 11-13 show the behavior of the developed mortars in a summer, spring and autumn situation. In each season, mortars based in aerial lime, hydraulic lime, cement and gypsum, with and without PCM, were analyzed. Fig. 11 shows the thermal behavior of the developed mortars in a summer situation. It was observed the existence of temperatures above 25°C and below 20°C. Thus, it was identified that there are heating and cooling needs, during the summer. Fig. 12 shows the thermal behavior of the mortars during the spring. It was verified the absence of cooling needs, since the maximum temperature, for the PCM mortars, is lower than 25°C. Fig. 13 shows the thermal behavior during the autumn, revealing that the PCM mortars did not present heating needs, since the minimum temperatures were higher than 20°C.
For all tests, it was observed that when the temperature achieves the range between 20°C and 25°C, the PCM phase change occurs and the thermal behavior of the PCM mortar begins to evolve in a different way from the temperature curve of the reference mortars. In all tests, the positive effect of the PCM was verified, since cells with PCM did not reach such extreme temperatures as the reference test cell (0% PCM), the inside temperature remains stable for a longer period. This mean a shortest operation time of heating and/or cooling systems when the PCM mortars are used and an effective energy saving can be achieved.
Regarding the summer situation (Fig. 11) , it was observed that in the cooling situation, ie when the temperature exceeds 25°C, the PCM mortars showed a higher heating rate and lower maximum temperature. The same was verified in the heating stage, ie when the temperature is lower than 20°C, with an increase in the minimum temperature for the PCM mortars, reducing the heating need. When the temperature lies near the indoor thermal comfort zone, the cells exhibit similar temperature values. The effect of heat storage/release is only detected when the temperature diverges from the thermal comfort zone. It was observed a decrease of the maximum temperature higher than 5% in the cooling situation, and an increase of the minimum temperature higher than 14% in the heating situation.
During these tests, it was also observed a lag time of the maximum and minimum temperatures higher than 30 min during the cooling situation, and higher than 60 min during the heating situation (Table 3) . It is known, that the major part of residential buildings electricity consumption is used for space heating and cooling, varying greatly during the day and night, and leading to differentiated tariffs. Thus, the shift to off-peak periods of this consumption presents a clear economical advantage.
According to Fig. 12 , the incorporation of PCM microcapsules into mortars leads to a decrease higher than 11% in the maximum temperature, and an increase in the minimum temperature higher than 13%, demonstrating that the PCM influences similarly high and low temperatures. It was also detected that the PCM mortars do not present higher temperatures than the maximum comfort temperature (25°C). Thus, it was verified that it is not necessary to use cooling equipment during the spring season. Table 4 shows the lag time of the maximum and minimum temperatures verified between the mortars with and without PCM incorporation. It was observed that the lag time of the maximum temperature in the cooling situation is higher than 145 min and the lag time of the minimum temperature in heating situation is higher than 15 min. Fig. 13 shows the thermal performance of studied mortars in an autumn situation. It was observed that lower temperatures than the comfort temperature of 20°C does not exist. This situation means that there is no need to use heating equipment, which leads to a lower energetic consumption in buildings. It was also verified a slight decrease in the maximum temperature and an increase in the minimum temperature higher than 10%. It was also possible to verify that the PCM exhibits a higher influence in the heating situation compared with the cooling situation.
According to Table 5 , the lag time of the maximum temperature in the cooling situation is higher than 60 min and the lag time of the minimum temperature in the heating situation is higher than 200 min. The analysis of the obtained experimental temperature curves does not provide enough information about the energy performance of the mortars subjected to heating and cooling cycles. It is necessary to assess the temperature differences within each cell, relative to the reference one (0% PCM). This thermal gradient reflects the temperature difference between the cell with PCM mortar and the reference cell without PCM. The thermal gradient was determined in each minute of the thermal test and calculated by the Eq. (1).
where:
T REF -Reference temperature (0% PCM) (°C); T PCM -Temperature inside the cell with PCM (°C).
Fig. 14 shows the variation of the thermal gradient for each composition in each season. As the temperature cycle runs, the thermal gradient increases as a result of the cyclic heat storage process. Hence, the gradient decreases until it reaches the point where the cells are with the same temperature (DT = 0). The gypsum mortars exhibit better thermal regulation with the greater difference in the temperatures observed in all seasons tested. This behavior can be justified with the higher microporosity of these mortars (Fig. 8) . The aerial lime mortars exhibit the smaller thermal gradient and consequently the worst thermal performance.
Based on the temperature curves (Figs. 11-13) , it was also quantified the reduction of energy consumption during the cooling and heating cycles, with the aim of evaluating the energy saving actually achieved. Thus, the amount of energy exceeding the temperature comfort range during one day was calculated. Thus, it was possible to determine the cooling and heating needs of the buildings to maintain the interior temperature within comfort temperature range, between 20°C and 25°C. Table 6 presents the cooling and heating needs for the different mortars in the different seasons. It was observed that the incorporation of PCM microcapsules into mortars caused a decrease higher than 12% in the cooling needs and 10% in the heating needs, in the summer. Regarding the spring situation, it was identified a decrease in the heating needs higher than 7%, with the exception of aerial lime mortars whose values are sensibly constants, and the elimination of the cooling needs. In the autumn situation, it was verified the elimination of heating needs and a decrease higher than 6% in the cooling needs. Thus, it is possible to verify that the PCM incorporation reduces the cooling and heating needs, in all tested seasons, for all compositions. However, in autumn and spring there are not heating and cooling needs, respectively.
The gypsum mortars exhibited the best thermal regulation, based on the highest thermal gradient, maximum temperature reduction, minimum temperature increase and time delay. This situation can be justified by the higher microporosity (Fig. 8 ) which improves the temperature regulation effect because there are more PCM microcapsules in contact with the ambient air. The aerial lime mortars revealed the worst thermal behavior, presenting the smallest thermal gradient and lowest extreme temperatures variation. This behavior can be associated to the presence of lower dimensions micropores (Fig. 6 ).
Cost analysis
Currently, there is a huge concern with the high energy consumption, verified in the residential sector associated to heating and cooling needs of buildings. The energy used for heating and cooling buildings represents 30% of the total energy consumption in the different countries of the European Union, or about 75% of the total energy consumption in buildings [26] . On the other hand, it is expected that the PCM use has a beneficial impact on energy costs, since it allows to reduce the buildings energy needs.
Based on the heating and cooling needs, the energy consumption of the different mortars was calculated. The energy consumption was obtained adding the monthly heating and cooling needs in each season of the year (Table 7) . According to the foregoing, for the winter any contribution of the mortars with incorporation of PCM microcapsules was considered, due to the lower typical temperature. The cost of energy consumption in each season was calculated based in energy price in Portugal.
Figs. 15 and 16 shows the cost related to the energy consumption to suppress the heating and cooling needs in typical spring and autumn months, respectively. It was possible to observe that the mortars with incorporation of PCM leads to a cost decrease higher than 52%. Fig. 17 presents the energy consumption cost in a typical summer month. It was verified an energetic costs decrease higher than 11%. As mentioned previously, the energetic cost reduction with PCM mortars is related to its capability to decrease the maximum temperatures, increase the minimum temperatures and consequently decrease the heating and cooling needs, in all tested seasons. Figs. 15-17 it show that the gypsum mortars have the highest potential for energy saving and consequently the lowest HVAC systems operation cost. This situation can be justified by the highest microporosity (Fig. 8 ) of these mortars, which improves the contact of the PCM microcapsules with the ambient air.
Conclusion
This study allowed the comparison of the thermal performance of mortars prepared using PCM microcapsules and different binders. The workability, flexural strength, compressive strength, microstructure and costs of the developed mortars were also evaluated.
The incorporation of PCM caused an increase in the amount of water added to the mortars in order to achieve a suitable workability. This is related with the fineness of the PCM microcapsules. The evaluation of the mechanical strengths showed a decrease in the flexural and compressive strengths with the incorporation of PCM microcapsules, which is a consequence of the higher water/ binder ratio. However, it was possible to always maintain a strength class that will guarantee a good behavior of the mortars in the construction sector.
It was possible to identify a good interaction between the mortars constituents materials, evidenced by the absence of cracks in the microstructure of the developed mortars. It was also observed a good resistance of the PCM microcapsules to the mixture procedure, evidenced by the absence of damaged PCM microcapsules. It was also observed that the incorporation of PCM microcapsules leads to an increase in the microporosity for all tested binders. This situation can be justified by the increase of the water content of the mortars doped with PCM, due to the fineness characteristics of this material.
The incorporation of PCM microcapsules leads to a decrease of the maximum temperatures higher than 5% and an increase in the minimum temperatures higher than 10%. It was also verified a lag time delay of extreme temperatures higher than 30 min in the cooling situation and higher than 15 min during the heating situation. It was also possible observe that the mortars with PCM do not present temperatures higher than the maximum comfort temperature (25°C) in the spring season and temperatures lower than the minimum comfort temperature (20°C) in the autumn season. Thus, it will not be necessary the use of cooling equipment during the spring season and heating equipment during the autumn season. These results allow to conclude that the utilization of PCM in interior coating mortars can reduce the energetic consumptions, reducing the energy demand, the fossil fuel depletion and the environmental impact associated with the heating and cooling systems.
The gypsum mortars exhibited a better thermal regulation, based on the highest reduction of the maximum temperature, highest increase of the minimum temperature, most significant lag time delay and consequently lowest heating and cooling needs. This situation can be justified by the highest microporosity of these mortars, which improves the temperature regulation effect because there are more PCM microcapsules in contact with the ambient air. On the other hand, the aerial lime mortars presented the worst thermal behavior, with the lowest variation in the extreme temperatures, and highest heating and cooling needs. This behavior can be associated to the presence of lower dimensions micropores.
The cost analysis showed that the incorporation of the PCM microcapsules in mortars leads to a decrease in the energy consumption cost in the spring, autumn and summer, due to the decrease of heating and cooling needs, and consequently decrease of HVAC systems operation.
